The amplitude fluctuations and correlation times of the two contributions to the phase noise of a quantum-dot optical frequency comb source laser are characterized using simultaneously recovered phase noise trajectories for pairs of comb lines.
Introduction
Techniques for generating optical frequency combs for use in fiber optic communication systems include mode-locked lasers, Kerr micro-resonators, dispersive parametric mixing in highly non-linear fibers, and cascaded phase or MachZehnder modulators. Comb sources have been used as a laser source in demonstrations of terabit-per-second transmission with high spectral efficiency [1, 2] . The coherence between comb lines enables efficient methods for laser phase noise compensation [2, 3] .
In this paper, the statistical properties of the phase noise in a mode-locked quantum-dot laser fabricated by the National Research Council of Canada are characterized by simultaneously capturing phase noise trajectories for comb line pairs. The two distinct contributions to the phase noise due to amplified spontaneous emission (ASE) and timing jitter are quantified in terms of the amplitude fluctuations and correlation times.
Experimental setup
The optical spectrum of the quantum-dot comb source is shown in Fig. 1 , exhibiting approximately 70 lines spanning 193.25 -195.5 THz with a free spectral range of 25 GHz. The linewidths of the comb lines are also shown, varying from 2 -12 MHz, as measured by the delayed self-heterodyne (DSH) technique. 2 shows the experimental setup used to recover time domain phase noise trajectories of two comb lines simultaneously: a reference comb line and a test comb line [4] . The comb source was pre-filtered using a Yenista bandpass filter (BPF) and amplified using an erbium-doped fiber amplifier (EDFA) to obtain a power level of -5 dBm per comb line. Two comb lines were then isolated using a Finisar WaveShaper. Each comb line was mixed with a low-linewidth tunable laser source (TLS) in a 90 o optical hybrid. The frequencies and states of polarization at the inputs to the hybrids of the two TLS signals were matched to those of the comb lines. The output signals from the hybrids were then detected by four balanced photodiodes (BPD) and a real-time sampling oscilloscope (RTSO), with a sampling rate of 5 GSa/s and a bandwidth of 1 GHz. The detected photocurrents represent the in-phase and quadrature components of the two comb lines from which the phase noise trajectories are obtained. Recovered traces were 2 μs in duration and were processed offline in Matlab. For the results presented here, it is particularly important that the two TLS signals have small linewidths in order to minimize the impact on the measurement results [5] . 
Methodology
Under the mode-locked condition, the phase noise of the comb line, , is given by [6] (1)
The phase noise is determined by two distinct contributions: the phase noise corresponds to the minimum linewidth comb line and is due to ASE noise while the phase noise given by Eq. (2) is due to timing jitter and increases with the modal separation ( . The variances of and both increase linearly with time and therefore represent random walk processes. Since phase noise trajectories are recovered simultaneously for and using the setup shown in Fig. 2 , both contributions to the phase noise in Eq. (1) can be statistically quantified. The variance of each comb line was calculated based on the phase noise being a Wiener process (3) (4) with the difference between phase noise observations separated by a delay being a zero-mean Gaussian random process . Recovered phase noise trajectories for each comb line were divided into blocks of a given length and the phase differences between the final and initial values of each block were calculated. The variance of these differences, , was then calculated. This variance was used to estimate the linewidth of each comb line using Eq. (4) where is the sampling period and is the block size [7] . Other approaches to estimate the linewidth from a phase noise trajectory were explored in simulation, however this phase noise trajectory (PNT) analysis was found to be the most reliable [8] .
Results
Phase noise trajectories were recovered for a reference comb line, chosen to be the minimum linewidth comb line at 194.06 THz with phase noise , and various test comb lines across the low-linewidth region of the optical spectrum (approximately every 5 th comb line). Thirty phase noise trajectories were captured for each test comb line and the reference line. The simultaneously recovered phase noise trajectories for and were divided into blocks of 250 samples from which the phase noise differences were calculated. Fig. 3 shows histograms for the phase noise difference for two comb lines:
(the minimum linewidth reference comb line) and test comb line . The distributions for and are both zero-mean but are shown with offsets of rad and rad, respectively, for clarity. Gaussian densities with the corresponding variances are shown for comparison. Since phase noise traces are simulatenously recovered for and , the point-wise difference allows the recovery of , and thus using Eq. (1) for each pair of recovered phase noise trajectories. Fig. 5 shows examples of experimentally recovered phase noise trajectories for , and for a single phase noise realization where the test comb line corresponds to . Fig. 5 demonstrates that while the fluctuations due to are small compared to (ASE noise), the timing jitter contribution increases with the separation between the two comb lines. The average correlation coefficient between and is 0.07. A nonzero value of the correlation coefficient shifts the comb line with minimum linewidth and reduces the minimum linewidth compared to the case of a value of zero [5] .
The contributions for each test comb line (Eq. (1)) are shown in Fig. 6 using the variance of the phase differences, , recovered from the PNT analysis. The contribution from is constant within experimental error, while the contribution stemming from exhibits the expected quadratic increase with . This increase in uncorrelated timing jitter fluctuations results in a measurable decrease in the correlation among comb lines across the comb source spectrum [4] . The increase in the variances of for the comb lines adjacent to the minimum linewidth comb line compared to those obtained for comb lines further away requires further investigation. The average variance of for the test comb lines in Fig. 6 is 1.8 10 -2 rad 2 . Finally, the average 1/e correlation times for and , which have received less attention in the literature, are also shown in Fig. 6 for selected comb lines. For each comb line, the result for is for the corresponding measurements of the minimum linewidth reference comb line. The average correlation time is obtained from the results for the 30 measured phase noise trajectories. For both phase noise contributions the correlation times are about 1 s.
Conclusion
The two contributions to the overall phase noise present in each mode of a quantum-dot optical frequency comb laser have been statistically characterized using experimentally recovered time domain phase noise trajectories. Theoretical results for the variances of the phase noise trajectories for a mode-locked laser have been experimentally validated and the 1/e correlation times for both contributions have been characterized and found to be about 1 s. 
